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ABSTRACT 


Iron oxide nanoparticles, particularly magnetite, have garnered significant attention in the scientific community owing to their 
versatility, biocompatibility, biodegradability, distinctive magnetic properties and potential applications across various domains. 
As the behaviour of nano-scale magnetite is intricately linked to its shape, size, and surface chemistry, therefore meticulous 
oversight in nanoparticle synthesis is essential for producing tailored high-quality materials. This research paper extensively 
and comparatively explores two distinct synthesis approaches, namely chemical synthesis and green synthesis, of magnetic 
nanoparticles with a specific emphasis on precise control over their fabrication processes. The nanoparticles synthesized 
through a chemical approach exhibited exceptional precision and well-defined characteristics in comparison. The intricate 
crystal structural, size distribution, surface morphology, and magnetic behaviour of the chemically synthesized nanoparticles 
were explicated by various characterization techniques. TEM micrographs revealed fine surface features and agglomeration 
patterns, highlighting the polydispersity of MNPs, while X-ray diffraction confirmed the nanoparticles' crystalline structure, 
characterized by a cubic shape. The VSM analysis showcased the strong magnetic properties and responsiveness of MNPs 
to external magnetic fields, with notable reversible magnetization transitions. This study uncovers how different methods 
of synthesizing MNPs affect their properties. It provides valuable insights for improving the design of MNPs, significantly 
enriching the scientific knowledge surrounding magnetic nanoparticles and their utility in diverse technological realms. 
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INTRODUCTION 


In the 21st century, the field of nanotechnology has emerged 
as a scientific frontier with transformative potential, promising 
innovations that were once the stuff of science fiction. At the heart 
of this revolution are nanomaterials, whose unique properties 
and applications have captured the imagination of researchers 
and industry leaders alike [1,2]. This research paper embarks on 
a journey through the realm of nanomaterials, with a particular 
focus on multifunctional magnetic nanoparticles (MNPs), which 
exemplify the power and promise of nanotechnology. Magnetic 
nanotechnology, the manipulation and engineering of materials at 
the nanoscale (typically less than 100 nanometers), has provided 
humanity with unprecedented tools to tackle some of our most 
pressing challenges [3,4]. Magnetic nanoparticles exhibit a 
mesmerizing array of distinctive properties that have spurred 
groundbreaking innovations across diverse fields. At the nanoscale, 
these particles showcase exceptional magnetic behavior, such as 
superparamagnetism, enabling precise manipulation and control 
even in weak magnetic fields. 


This uniqueness extends to their high surface area-to-volume ratio, 
facilitating efficient functionalization with various molecules for 
applications in targeted drug delivery, where magnetic guidance 
ensures unprecedented accuracy in directing therapeutic agents. 
Magnetic nanoparticles also find utility in hyperthermia treatments, 
harnessing their ability to generate localized heat under analternating 
magnetic field, selectively eradicating cancer cells. Moreover, their 
role as contrast agents in magnetic resonance imaging (MRI) 
unveils a non-invasive window into biological systems, enhancing 
diagnostic accuracy. As agents of environmental remediation [5], 
these nanoparticles exhibit affinity for pollutants such as heavy 
metals, dyes, toxic antibiotics etc. paving the way for novel water 
purification methods. In combination, these remarkable properties 
underpin magnetic nanoparticles’ diverse applications, ranging 
from biomedicine to technology and environmental sustainability 
[4,6-9]. Metal nanoparticles are synthesized by chemical, biological 
and physical methods [10]. The physical method involves ultra- 
sonication, grinding and irradiation. Biological methods involve 
the bacteria mediated, fungi mediated or plant mediated synthesis 
of magnetic nanoparticles and chemical method involve pulse 
electrodeposition, chemical co-precipitation, micro-emulsion and 
reduction of phytochemicals [11]. depicts methods of synthesis for 
magnetic nanoparticles [Figure-1]. 


Two approaches are used for their synthesis: the bottom-up 
approach and the top-down approach [12]. The synthesis of 
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magnetic nanoparticles involves intricate processes that enable the 
engineering of their size, shape, and composition. The choice of 
synthesis method and reaction conditions plays a pivotal role in 
determining the final properties of the nanoparticles. Additionally, 
an in-depth understanding of the structure-property relationships is 
imperative for tailoring these nanoparticles for specific applications. 


Characterization plays an integral role in validating the quality, 
stability, and functionality of magnetic nanoparticles. Structural 
analysis techniques such as X-ray diffraction (XRD) shed light on 
the crystallographic nature of the nanoparticles. Morphological 
examinations using scanning and transmission electron microscopy 
(SEM and TEM) provide insights into their size, shape, and surface 
characteristics. Magnetic measurements via vibrating sample 
magnetometry (VSM) offers valuable information about the 
nanoparticles! magnetic behaviour, while surface area and porosity 
assessments reveal their potential for adsorption and catalytic 
activities [13,14]. 


This research paper sheds light on comprehensive assessment 
of the synthesis methods employed for MNPs, encompassing 
both chemical as well as green synthesis methodologies. 
Through rigorous examination, we aim to unveil the intricacies 
of each approach and their influence on MNP characteristics. 
Furthermore, it seeks to provide an in-depth exploration of the 
diverse characterization techniques used to assess the structural, 
morphological, and magnetic attributes of these nanoparticles. 
By elucidating the correlation between synthesis parameters and 
MNP attributes, this research contributes to the foundation 
of knowledge in nanomaterials science. It paves the way for the 
optimization of design and fabrication of magnetic nanoparticles 
tailored for innovative applications. The journey of this research 
endeavors to foster innovation and advancement in nanomaterials 
research, propelling us closer to realizing the full potential of 
multifunctional magnetic nanoparticles [6,8,9,13, 15,16]. 


Innovative applications of magnetic nanoparticles 


Superparamagnetic Fe,O, nanoparticles exhibit a plethora of 
applications across various domains. In the realm of biomedical 
imaging, these nanoparticles play a pivotal role as contrast agents in 
Magnetic Resonance Imaging (MRI)’, enhancing imaging precision 
by capitalizing on their distinctive magnetic properties. Beyond 
imaging, Fe,O, nanoparticles find substantial utility in drug 
delivery systems. Through functionalization with specific ligands or 
antibodies, they enable targeted drug delivery, ensuring therapeutic 
compounds reach specific cells or tissues, thereby enhancing 
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Figure 1. Methods of synthesis for metal nanoparticles. 
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treatment efficacy while minimizing side effects. Moreover, in 
the field of cancer therapy, Fe,O, nanoparticles can be employed 
for hyperthermia treatment. When exposed to an alternating 
magnetic field, they generate localized heat, facilitating the 
selective destruction of cancer cells’. This property holds promise 
for advancing cancer treatment modalities. The multifaceted 
applications of superparamagnetic Fe,O, nanoparticles highlight 
their potential contributions to advancements in medicine and 
technology. 


Superparamagnetic nanoparticles not only excel in the applications 
mentioned but also exhibit innovative potential in diverse fields. 
In environmental remediation [17,18], these nanoparticles could 
be employed for efficient removal of contaminants from water 
and soil, leveraging their magnetic properties for targeted cleanup. 
Additionally, in the realm of energy storage, magnetic nanoparticles 
may contribute to the development of high-performance batteries 
and supercapacitors due to their unique magnetic and conductive 
characteristics [19]. Furthermore, in catalysis, the nanoparticles 
could serve as catalyst supports, enhancing the efficiency of chemical 
reactions. Exploring these innovative applications underscores the 
versatility of superparamagnetic nanoparticles and their capacity to 
revolutionize various scientific and technological domains. 


MATERIALS AND METHODS 


Synthesis of magnetic nanoparticles 


The synthesis of magnetic nanoparticles involved a series of well- 
defined steps to achieve controlled particle size and composition. 
The following procedure outlines the synthesis process: 


Precursor preparation: The precursor materials, often metal salts 
(FeCl, 6H,O) or metal-organic compounds, were chosen based 
on the desired composition of the magnetic nanoparticles. These 
materials were dissolved in a suitable solvent under controlled 
conditions to form a homogeneous precursor solution. 


Reaction setup: The precursor solution was transferred to a 
reaction vessel equipped with appropriate instrumentation to 
control temperature, atmosphere, and reaction kinetics. The 
reaction setup played a crucial role in determining the final size 
and morphology of the nanoparticles. 


Reducing agent: The precursor solution was subjected to controlled 
nucleation, often achieved by introducing a reducing agent (herbal 
extract or FeSO,) or changing the temperature rapidly. This led to 
the formation of nanoscale nuclei, which subsequently grew into 
larger nanoparticles. 


Thermal treatment: Depending on the synthesis approach, 
thermal treatment such as annealing was employed to enhance 
crystallinity and optimize magnetic properties of the nanoparticles. 
This step was critical to achieving the desired magnetic behaviour. 


Filtration and washing: After the reaction was complete, the 
nanoparticles were separated from the reaction mixture using 
techniques like centrifugation or filtration. Washing steps with 
appropriate solvents removed residual reactants and by-products. 


Drying and collection: The purified nanoparticles were dried under 
controlled conditions to prevent agglomeration or oxidation. They 
were then collected and stored in an inert atmosphere to maintain 
their magnetic properties [6,15,20-23]. 


In our research we have synthesized magnetic nanoparticles by 
using the following two approaches green as well as chemical 
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synthesis. 
Chemical synthesis of magnetic nanoparticles 


In the intricate process of chemically synthesizing magnetic 
nanoparticles, meticulous steps were taken to ensure precise 
control and reproducibility. This synthesis journey commenced 
with the dissolution of 6.75 grams of FeCl,.6H,O in 25 milliliters 
of distilled water, followed by a parallel procedure involving 
the addition of 13.9 grams of FeSO, to another 25 milliliters of 
distilled water. These carefully prepared solutions set the stage for 
the subsequent transformations. The initial solution containing 
FeCl,.6H,O was judiciously introduced into a beaker, where it was 
subjected to a gentle magnetic stirring action for a duration ranging 
between 2 to 5 minutes, allowing for the uniform dispersion of its 
components. At this point, the FeSO, solution was smoothly added 
to the beaker, which was a crucial step in the synthesis process. 


To facilitate the precise control of pH and ensure the formation 
of the desired nanoparticles, a burette was employed as the 
delivery mechanism for a 1 molar solution of Sodium Hydroxide. 
This aqueous solution of Sodium Hydroxide was incrementally 
added to the beaker, drop by meticulous drop, under controlled 
conditions. This delicate procedure continued until the appearance 
of a distinctive dark black precipitate, indicating the formation of 
the coveted magnetic nanoparticles. With the successful synthesis 
achieved, the resulting solution of magnetic nanoparticles was 
ushered into an oven, where a carefully controlled drying process 
ensued. Following the completion of this meticulous drying 
procedure, the resultant dried nanoparticles were subjected to 
a rigorous pulverization process, ensuring the reduction of any 
agglomerates and promoting homogeneity within the nanoparticle 
sample. Finally, these meticulously synthesized and processed 
nanoparticles were conscientiously stored for future applications, 
underlining the significance of this complex synthesis protocol 
in the pursuit of precise and well-defined magnetic nanoparticles 
for various scientific and industrial endeavors [3,4,6,20,24,25]. 
demonstrates chemical synthesis for magnetic nanoparticles 
[Figure-2]. 
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Figure-2. Chemical synthesis for Magnetic nanoparticles. 
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Green synthesis of magnetic nanoparticles 


Melaleuca Alternifolia leaves were obtained from the premises of 
the University of Agriculture, Faisalabad, to produce an extract. 
The study utilized various chemicals, including Ferric Chloride 
pentahydrate (FeCl,.5H,O), Potassium hydroxide (KOH), 
Hydrochloric acid (HCI), Isopropanol, and Methanol. These 
chemicals were all of analytical grade and required no further 
refinement. Distilled water was used to prepare solutions, and all 
dilutions were performed using triple-distilled water. Glassware 
was thoroughly washed, rinsed, and then dried in an electric oven 
at a temperature range of 45-50°C. In the eco-friendly synthesis 
process of magnetic nanoparticles, 7.2 grams of ferric chloride 
pentahydrate (FeCl,.5H,O) were added to 30 millilitres of Melaleuca 
Alternifolia leaf extract. The mixture was continuously stirred for 
about 4.5 hours at a temperature of 85 degrees Celsius. Potassium 
hydroxide was then added drop by drop until a deep brown 
precipitate formed. The resultant dark brown magnetic solution 
was placed in a drying oven maintained at 380-490 degrees Celsius 
for approximately 2-4 hours. This procedure yielded dark brown 
powdered magnetite nanoparticles (NPs), which were subsequently 
subjected to further examination. The characterization and 
analysis of these magnetite NPs can offer valuable insights into 
their characteristics and potential applications [26].shows green 
synthesis of magnetic nanoparticles from leaves extract [Figure-3]. 


Comparative analysis of synthesis methods 


The comparative analysis between the two methods for synthesizing 
magnetic nanoparticles, green synthesis using Melaleuca Alternifolia 
leaf extract and chemical synthesis, reveals distinct procedures and 
notable differences in the quality of the generated nanoparticles. 
In the green synthesis approach, natural plant extracts, particularly 
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Melaleuca Alternifolia leaves, serve as the primary source of 
precursors, promoting an eco-friendly and minimal chemical 
reagent-based process, with a synthesis temperature of 80 degrees 
Celsius. However, the resulting black powdered magnetite 
nanoparticles (NPs) obtained from this approach were not 
characterized by precision and clear definition, and their magnetic 
properties did not exhibit notable performance. 


On the other hand, chemical synthesis relies on chemical reagents, 
including FeCl,.6H,O and FeSO,, for precursor materials, ensuring 
meticulous control and reproducibility throughout the synthesis. 
This method not only offers precision but also results in magnetic 
nanoparticles with exceptionally well-defined characteristics. This 
superiority in nanoparticle quality underscores the importance 
of the more intricate and controlled chemical synthesis process. 
However, it's essential to note that the chemical synthesis approach 
may have a larger environmental footprint due to the extensive 
use of chemicals and complex reaction steps [Figure-4a and Figure 
4b] depicts comparative synthesis of magnetic nanoparticles: (a) 
magnetic nanoparticles synthesized from green methodology and 
(b) magnetic nanoparticles synthesized from the technique of 
chemical synthesis respectively. 


Both methods emphasize conscientious storage for future 
applications, with the green synthesis method being more 
environmentally friendly and straightforward, while the chemical 
synthesis method prioritizes precise control and delivers superior 
quality magnetic nanoparticles. The choice between these methods 
should consider factors such as environmental impact, desired 
nanoparticle properties, and the complexity of the synthesis 
process, acknowledging the remarkable quality achieved through 


chemical synthesis. 
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Figure 3. Green synthesis of magnetic nanoparticles from Melaleuca Alternifolia leaves extract. 
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Figure 4. Comparative analysis (a) magnetic nanoparticles synthesized by green methodology and (b) magnetic nanoparticles synthesized by chemical 


synthesis respectively. 
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Results and discussions 
Characterization of Fe,O, NPs prepared from chemical synthesis 


The synthesized magnetic nanoparticles were subjected to a 
comprehensive set of characterizations to evaluate their structural, 
morphological, and magnetic properties: 


Structural analysis (x-ray diffraction) 


Techniques such as X-ray diffraction (XRD) were used to identify 
the crystal structure of the nanoparticles. XRD patterns were 
compared to reference data to determine the phase composition 
and crystallite size. Analysis unveiled that the diffraction peaks at 
20 angles of 30.38°, 35.72°, 43.40°, 53.70°, 57.28°, and 62.79° 
correspond precisely to the (220), (311), (400), (422), (511), and 
(440) reflections, respectively. These reflections can be accurately 
indexed to the cubic spinel arrangement inherent in magnetite 
(Fe,O,). The average crystallite size (D) was determined using the 
Debye-Sherrer formula: D = Ka / B Cos 8, where K, A, B, and 0 
represent the Sherrer constant, X-ray wavelength, peak width at 
halfmaximum, and Bragg diffraction angle, respectively. 


The Scherrer equation estimated crystallite size of approximately 24 
nm for the dominant (311) plane. These findings not only provide 
insight into the nanoparticles’ structural characteristics but also 
offer valuable information about their reduced dimensionality and 
potential applications in various fields [6,27]. Notably, Suharyadi 
et al. reported a crystallite size of 25.1 nm at 1000 degrees 
Celsius [28]. It's worth noting that the implications of this size 
on nanoparticle properties and applications hinge on the specific 
material and synthesis approach employed. Furthermore, the 
magnetic behavior of the nanoparticles was assessed through a 
simple magnet test, which revealed a robust attraction, affirming 
the successful formation of magnetic nanoparticles. The XRD 
pattern of the finalized powders is presented in [Figure-5]. 


Ultraviolet (UV) analysis of MNPs 


Ultraviolet (UV) radiation serves as a pivotal tool in the 
comprehensive analysis of the synthesized Fe,O, nanoparticles 
within this research context. This versatile technique not 
only provides insights into the optical characteristics of these 
nanoparticles, including their absorption spectrum but also delves 
into their structural properties. Harnessing UV spectroscopy, 
valuable information is revealed regarding how these nanoparticles 
interact with incident light, shedding light on nuances related to 
their electronic transitions and bandgap energies. Additionally, this 
technique facilitates the exploration of size, shape, and aggregation 
phenomena, all of which contribute to a holistic understanding of 
the synthesized Fe,O, nanoparticles. 


Intensity (a.u.) 


Figure 5. Structural analysis of Magnetic nanoparticles by XRD. 
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To examine the optical characteristics of the synthesized Fe304 
nanoparticles, a clear colloidal solution was prepared by dispersing 
the nanoparticles in deionized water through a 30-minute 
sonication process. Pure de-ionized water was used as a reference. 
The resulting absorbance spectrum showed significant absorption 
in the visible range of the electromagnetic spectrum, with a distinct 
absorption peak observed at a wavelength of 239 nanometers 
(nm). The Fe3O4 nanoparticles displayed a broad absorption 
profile, particularly noticeable in the black-colored spectral region. 
This spectral analysis is essential for comprehending the optical 
properties and potential uses of these nanoparticles [20,29]. UV 
spectrum is shown in [Figure- 6]. 


Morphological characterization (SEM & TEM) 


Scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM) were employed to visualize the size, shape, 
and distribution of the nanoparticles as shown in Fig. 7. 
High-resolution imaging provided insights into their surface 
characteristics [30,31]. The results of scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM) evaluations 
provided a detailed insights into the structural and morphological 
aspects of the synthesized magnetic nanoparticles. SEM imaging 
Fig. 7 (a) revealed a distribution of nanoparticles with sizes ranging 
from 10 to 20 nm, in line with the crystallite dimensions estimated 
from XRD analysis. The nanoparticles exhibited diverse shapes, 
including spherical, ellipsoidal, and irregular morphologies, 
highlighting the controlled synthesis approach's effectiveness in 
producing tailored structures. TEM analysis further confirmed the 
nanoscale dimensions, with a representative nanoparticle size of 


17 + 3.54 nm. 
Additionally, TEM revealed detailed 


characteristics and clustering patterns, indicating the polydispersity 


micrographs surface 
of the nanoparticles. Variations in contrast within TEM images 
suggest the presence of potential core-shell structures in some 
nanoparticles. The clustering observed in Figure 7 (b) could result 
from environmental molecules adhering to the nanoparticle 
surface, aiming to achieve equilibrium in intermolecular forces. 
The collective SEM and TEM findings augment the comprehensive 
understanding of the nanoparticles' intricate characteristics, 
offering key insights into their morphological attributes and, by 
extension, their magnetic behaviors and multifaceted applications 
[Figure- 7]. demonstrates the morphological characterization of 
Magnetic nanoparticles by (a) SEM and (b) TEM. 
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Figure 6. UV spectra of Fe,O, nanoparticles. 
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Figure 7. Morphological characterization of Magnetic nanoparticles by (a) 
SEM and (b) TEM. 
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Figure 8. Elemental analysis of Magnetic nanoparticles by EDS. 


TEM confirmed the elemental composition of the nanoparticles, 
ensuring they matched the expected composition based on the 
precursor materials. The EDX spectra unequivocally exhibit 
prominent peaks corresponding to iron (Fe) and oxygen (O). 
The study indicated that the composition consists of 63.7% 
Fe, 35.1% O, and 1.3 % silicon. These findings underscore the 
exceptional purity of the magnetic nanoparticles. Additionally, the 
presence of trace elements, possibly originating from precursor 
materials or synthesis conditions, was detected, enriching the 
understanding of the nanoparticles’ chemical makeup. The EDS 
findings complemented the structural and morphological insights 
gained from SEM and TEM evaluations, collectively contributing 
to a comprehensive understanding of the nanoparticles’ properties 
and aiding in the interpretation of their magnetic behaviour and 
potential applications across diverse fields 30. The composition 
analysis of the nanoparticles synthesized, along with their magnetic 
properties, is elucidated in the EDX spectrum displayed in 
[Figure-8]. 


Magnetic properties (VSM) 


Vibrating sample magnetometry (VSM) or superconducting 
quantum interference device (SQUID) measurements were carried 
out to assess the magnetic properties of the nanoparticles, such 
as saturation magnetization, coercivity, and remanence [32]. The 
magnetic properties of the synthesized nanoparticles were analyzed 
using Vibrating Sample Magnetometer (VSM) measurements, 
yielding significant insights. The hysteresis loop from VSM analysis 
showed a saturation magnetization (Ms) of 88.95 emu/g at 16 kOe 
and a remnant magnetization (Mr) of 12.49 emu/g, indicating 
strong magnetic characteristics. The coercivity (Hc) value of 125.94 
Oe suggested the nanoparticles' responsiveness to external magnetic 
fields, with observable reversible magnetization transitions. 
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The VSM data confirmed the nanoparticles’ superparamagnetic 
nature, as indicated by the absence of remanent magnetization 
and low coercivity. These findings were consistent with the 
nanoparticles' nanoscale size, aligning with expectations of 
enhanced magnetic behavior at smaller scales. Understanding the 
nanoparticles' magnetic response, as revealed by VSM analysis, 
is crucial for potential applications in fields such as biomedicine 
and data storage [Figure 9] illustrates the vibrating sample 
magnetometry (VSM) results of the magnetic nanoparticles. 


Functionalization (FTIR) 


Fouriertransform infrared spectroscopy (FTIR) were used to 
confirm the presence of distinct chemical functional groups 
serving as active sites within synthesized nanoparticle surfaces, 
enabling subsequent modifications [33]. FTIR spectroscopy aids 
in identifying molecular variations by detecting subtle alterations 
in the vibrational patterns of functional groups. The spectrum's 
range spans from 600 to 4000 cm", encircling specific vibrational 
frequencies characteristic of each bond within the compound. 
This interaction unveils various vibrational levels situated between 
electronic energy states. Consequently, upon absorbing infrared 
light, molecules transition from their ground state to higher 
vibrational levels, subsequently releasing heat when returning to 
the ground state °. 


The FTIR spectrum exhibited a prominent absorption peak at 3419 
cm, corresponding to the stretching vibrations of hydroxyl groups 
(OH), indicating the presence of surface hydroxyl functionalities. 
Additionally, a distinct peak at 559 cm! was observed, attributed 
to the Fe-O stretching vibrations, confirming the formation of 
iron oxide (FeO) on the nanoparticles’ surface. Furthermore, a 
characteristic absorption band at 1629 cm’ indicated the presence 
of adsorbed water molecules or other organic species. These 
FTIR results provided quantitative and qualitative information 
about the nanoparticles' surface chemistry, offering insights into 
the composition and potential reactivity of the nanoparticles 
in different environments. Figure-l0 shows FTIR spectrum of 
magnetic nanoparticles. 


CONCLUSION 


In conclusion, this study embarked on a comprehensive exploration 
of magnetic nanoparticles through controlled synthesis, meticulous 
characterization, and multi-faceted analysis. The X-ray diffraction 
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nanoparticles. 


magnetometry 


1629 em-1 


Transmittance (a.u) 
Ss 
o 
reat 


3419 om-1 


02+ T . T * T * T * T * T 
4000 3500 3000 2500 2000 1500 1000 500 
Wavenumbers (cm”) 


Figure 10. FTIR spectrum of magnetic nanoparticles. 


(XRD) analysis unveiled their distinct crystalline pattern and 
Scherrer equation-derived crystallite size of approximately 12.5 
nm, reinforcing their nanoscale dimensionality. Scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM) 
investigations further showcased the nanoparticles' diverse shapes 
and sizes, with SEM revealing a distribution range of 10 to 20 
nm and TEM highlighting a representative size of 17 + 3.54 nm. 
Energy-dispersive X-ray spectroscopy (EDS) not only confirmed the 
nanoparticles’ elemental composition, predominantly 63.7% Fe, 
and 35.1% O, but also detected trace elements (1.3% silicon) that 
added depth to their chemical makeup. 


The VSM analysis highlighted the magnetic strength of the 
nanoparticles, revealing a captivating saturation magnetization 
(Ms) of 88.95 emu/g and a lasting remnant magnetization (Mr) 
of 12.49 emu/g. The impressive coercivity (Hc) value of 125.94 
Oe emphasized the nanoparticles’ magnetic responsiveness and 
notable reversible magnetization transitions. Fourier-transform 
infrared (FTIR) spectroscopy corroborated the presence of 
hydroxyl (OH) groups at 3419 cm", Fe-O stretching vibrations at 
559 cm', and adsorbed species at 1629 cm’, shedding light on 
their surface functionalities. Collectively, these results provided 
a comprehensive foundation for understanding the synthesized 
magnetic nanoparticles’ structural, morphological, magnetic, and 
chemical attributes, shaping their potential applications in diverse 
fields such as biomedicine, catalysis, and data storage. This research 
contributes to the broader understanding of nanoscale materials 
and lays the groundwork for future innovations and advancements. 
Resulted analysis subsidized to a deeper understanding of the 
structure-property relationships of MNPs and their implications 
for innovative applications in various fields. 
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